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Abstract.  The time course of development of polarity 
of an apical  (184-kD) and a basolateral  (63-kD) plasma 
membrane protein of Madin-Darby  canine  kidney cells 
was followed using  semiquantitative  immunofluores- 
cence on semithin  (,,o0.5-gm)  frozen sections and 
monoclonal  antibody probes.  The  184-kD protein be- 
came highly  polarized  to the apical pole within the 
initial  24 h  both in normal  medium and in  1-5  IxM 
Ca  2÷, which results in well-spread,  dome-shaped  cells, 
lacking  tight junctions  and other lateral  membrane  in- 
teractions.  In contrast,  the basolateral  63-kD mem- 
brane protein developed full polarity only after incuba- 
tion in normal  Ca  2+ concentrations  for >72 h,  a time 
much longer than that  required  for the formation of 
tight junctions  (,,o18 h) and failed to polarize  in  1-5 
IxM Ca  2+. These results demonstrate  that intradomain 
restriction  mechanisms  independent  of tight junctions, 
such as self-aggregation  or specific interactions  with 
the submembrane cytoskeleton, participate  in the 
regionalization  of at least some epithelial  plasma 
membrane proteins.  The full operation of these mecha- 
nisms depends on the presence of normal  cell-cell in- 
teractions  in the case of the basolateral  63-kD antigen 
but not in the case of the apical  184-kD protein. 
S 
ECRETORY and transporting epithelia carry out a variety 
of vectorial functions that depend on the polarization 
of the plasma membrane into apical and basolateral do- 
mains (52, 59). Tight or occluding junctions, located at the 
boundary between basolateral  and apical regions  (16, 20), 
confer on the cell layer the property of a selective barrier to 
the diffusion of ions and macromolecules (42) and appear 
to play a role in keeping molecules from both domains segre- 
gated (10). Recent work has shown that tight junctions consti- 
tute a fence for the movement of lipids in the outer leaflet in 
the bilayer but not for those in the inner leaflet (11, 68). 
A passive fence, however, can maintain but not generate 
polarity. Other mechanisms have to be postulated to perform 
this task. In confluent monolayers, with well-developed api- 
cal and basolateral poles separated by fight junctions, intra- 
cellular  sorting  mechanisms  operating  at  the  level of the 
Golgi apparatus,  have been shown to participate  in a vec- 
torial delivery of apical and basolateral proteins to the re- 
spective surface domain  (4,  37, 39, 46, 51). However, epi- 
thelial  cells  can also  generate  their  surface polarity  (and 
therefore their apical and basal poles) de novo. A typical ex- 
ample in vitro is the passage from a round cell suspension 
to an asymmetric monolayer after trypsinization and replat- 
ing (6). There are also examples in vivo; perhaps the most 
striking is the generation of tubule cells from mesenchymal 
cells during kidney development (15). It is clear that specific 
cell-substrate and cell-cell interactions must play a crucial 
role in these cases. In fact, a previous study has shown that 
junction-free subconfluent epithelial cells, attached to a col- 
lagen  substrate,  can  sustain  asymmetric  virus  budding,  a 
polarity property of confluent monolayers (54,  56).  How- 
ever, there is no molecular information on how interaction 
with  the  substrate  or  other  cells,  which  is  accompanied, 
presumably, by basal polarization of receptors for substrate 
molecules or lateral polarization of cell adhesion molecules 
(CAMs), leads to the formation of an apical epithelial pole. 
There is no information either on which are the first apical 
proteins that are restricted to this apical pole, or on how the 
tight junctional  fence and specific cytoskeletal interactions 
participate in this process. 
Epithelial cell lines are convenient tools to carry out stud- 
ies of polarization mechanisms (52, 59). The best character- 
ized is the Madin-Darby canine kidney line (MDCK) (35), 
which preserves the ability of the parental epithelium to gen- 
erate complete tight junctions and transmonolayer transport 
of fluid and electrolytes (6, 32, 40). Its structural and func- 
tional polarity is evidenced by the asymmetric distribution 
of enzymes such as aminopeptidase and Na-K ATPase (5, 31, 
34, 50), other membrane proteins (1, 25) and intramembrane 
particles  (5,  26),  and the polarized  budding  of enveloped 
RNA viruses from the cell surface (52, 55, 56, 60). 
In this work we followed the development of polarity of 
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basolateral, as a function of the time after attachment to the 
substrate.  We took advantage of the recent observation by 
Gonzalez-Mariscal and  co-workers (19) that  MDCK  cells 
plated in 1-5 ~tM Ca  :+ form confluent monolayers devoid of 
tight junctions, but quickly assemble them after Ca  :+ resto- 
ration,  to  study  the  role  of junctions  and  cell-cell  and 
cell-substrate  contacts  in  the  polarization  of apical  and 
basolateral surface markers.  The results describe a  mem- 
brane protein (184 kD) that becomes quickly restricted to the 
apical pole upon contact with the substrate in the absence of 
tight junctions;  under  the  same  conditions  a  basolateral 
marker remains unpolarized. 
Materials and Methods 
Ce//s 
MDCK cells in the 56th to 70th passage were grown at 37°C in 75-cm  2 dis- 
posable plastic bottles (Costar 3150, Cambridge, MA) with an air-5 % CO2 
atmosphere at constant humidity in Earle's minimum essential medium 
(Gibeo, Grand Island, NY), supplemented with 100 U/ml of penicillin, 100 
gg/ml of streptomycin, and 10% horse serum (complete MEM or cMEM). 
The cells were harvested with trypsin-EDTA and plated at confluence on 
plastic ring chambers containing nitrocellulose filters (Millipore Corp., 
Bedford, MA) coated with rat tail collagen (39, 53). After 90 rain at 37°C 
to allow for cell attachment, the tings were transferred to either fresh cMEM 
or Ca2+-free MEM  (spinner[s] MEM,  Gibco), which contains  10 times 
more phosphate than cMEM and no Ca  2+. Calcium levels of this medium 
were measured by fluorescence assay (66) or by atomic absorption spec- 
troscopy, and found to be  1-5  ltM.  This concentration is sufficient for 
cell-substrate attachment (blocked only in the presence  of  calcium chelating 
agents) (Salas, P. J. I., D. E. Vega-Salas,  and E. Rodriguez-Boulan, unpub- 
lished results) but prevents cell-cell interactions and tight junction forma- 
tion (see Results). Monolayers transferred to sMEM were washed six times 
at 5-min periods to insure proper removal of Ca  2+ from the substrate. Con- 
trois in cMEM received the same number of washes. 
Measurement of the Transepithelial 
Electrical Resistance 
The ring chambers were mounted between two Lucite chambers (the ex- 
posed area was 0.78 cm  2) and a continuous current of 20 ttA was delivered 
via Ag/AgCI electrodes. The resulting electrical potential was measured 
through a  second set of electrodes placed at 1 mm from each side of the 
monolayer. The contribution of the collagen support and the bathing solu- 
tions was subtracted (U0 +  22 f~.cm  2 was mostly due to the bathing solu- 
tion): all values reported correspond exclusively to the monolayer. A given 
filter was measured only once and then discarded. 
Preparation of  Monoclonal Antibodies against 
MDCK Surface Antigens 
BALB/c mice were immunized using confluent MDCK cell monolayers 
grown on beads (Cytospheres TM, Lux Scientific Corp., Newbury Park, 
CA). The mice received three biweekly injections; cells fixed with formal- 
dehyde (freshly prepared from paraformaldehyde) and unfixed cells were 
used alternately to develop high levels of anti-cell surface response. 
Hybridoma Production and Screening 
The methods for cell fusion and cloning of hybridomas against cell surface 
antigens have been extensively described (18, 30, 74).  Briefly, 0.5-1  ×  108 
NS-1 mouse myeloma cells were fused with preimmunized donor mouse 
spleen lymphocytes in RPMI 1640 medium, using polyethylene  glycol (tool 
wt 4,000,  E. Merck, Rahway, NJ). Cells were plated on spleen macrophage 
feeder layers in 10 96-well petri dishes in postfusion medium-RPMI 1640 
supplemented with 2% HAT: 0.1 mM hypoxantine (Sigma Chemical Co., 
1. Abbreviations used in this paper: cMEM, complete MEM; sMEM, spin- 
ner MEM; TER, transmonolayer electrical resistance. 
St.  Louis,  MO),  0.4  ~M  aminopterin (Sigma),  and  16  ~tM  thymidine 
(Gibco). After 7-10 d each supernatant was screened for anti-MDCK sur- 
face activity by indirect ELISA and immunofluorescence on fixed confluent 
MDCK monolayers. The immunoglobulin subtypes were characterized in 
Outcherlony  assays using an  immunoglobulin subtype identification kit 
(Boehringer Mannheim Biochemicals,  Indianapolis,  IN).  The  apparent 
molecular weight of  MDCK cellular antigens was determined by SDS PAGE 
of an MDCK detergent extract, followed by electroelution and immunolo- 
calization with monoclonal antibody supernatant, affinity-purified rabbit 
anti-mouse IgG, and uSI-protein  A (65). 
Semithin Frozen Sections of  MDC  K Monolayers 
MDCK monolayers were cultivated in cMEM or Ca2+-free MEM on round 
12-ram coverslips covered with thin (50-100 ttm) native collagen gels. The 
monolayers were fixed with 2 % paraformaldehyde for 1 h, scraped with a 
razor blade from the coverslip, embedded in 10% gelatin PBS, and infused 
with 1.8 M sucrose overnight at 4°C. 0.5-ttm frozen sections were obtained 
at  -80°C  with a  Dupont  MT-5000  ultramicrotome equipped with the 
FSI000  frozen sectioning attachment and  collected on glass coverslips 
treated with 1 mg/ml poly-L-lysine. After extensive washing in PBS contain- 
ing 1% BSA, the sections were processed for indirect immunofluorescence 
using monoclonal antibodies (67) against cell surface antigens in the first 
step and affinity-purified  rhodamine goat anti-mouse IgG in the second step. 
After a final short rinse in double-distilled water, the coverslips were in- 
verted and mounted on a drop of 20% Gelvatol (Monsanto Co., Indian Or- 
chard, MA)/15 % glycerol in PBS on a glass microscope slide, allowed to 
harden at room temperature for 2 h, and stored in the cold. Samples were 
photographed with a Leitz Ortholux epifluorescence microscope (E. Leitz, 
1/.ockleigh,  NJ) using 400 ASA Kodak Tri-X film (Eastman Kodak Co., 
Rochester, NY) developed with Diatine for 10 rain at 20°C. Exposure time 
for positive results averaged 20-50 s. 
Electron Microscopy 
MDCK  monolayers on collagen-coated coverslips were  fixed with 2% 
glutaraldehyde in 0.1  M  sodium cacodylate buffer at 4°C  for 30  rain, 
postfixed with  1%  osmium tetroxide in cacodylate buffer, dehydrated in 
graded ethanols, and embedded in Epon 812. For measurements of tight 
junction integrity, ruthenium red (5 mg/ml) was included in the osmium 
step.  The  correlation between  sealed occluding junctions  and  lack  of 
penetration of various markers has been widely demonstrated (16, 20, 73). 
Thin sections were mounted on Formvar-coated copper grids, stained with 
lead citrate,  and observed in a  JEOL-100X  electron microscope (IEOL 
USA, Peabody, MA). 
Stereological Measurements 
Apical, basal, and lateral surface areas were measured according to pub- 
lished procedures (22,  70).  Average cell volume was estimated from the 
relationship: 
V/s  =  A/b,  (1) 
where V is the average cell volume, s is average area of substrate occupied 
by a single cell, A is the sectional area of the monolayer, and b is the length 
of the substrate border in the section, s was measured from the number of 
cells per surface area unit, as determined by counting nuclei stained with 
the fluorescent dye Hoechst 33258. 
The membrane surface/cell volume density Sv was estimated from the 
relationship: 
Sv  =  4/~ B/A,  (2) 
where B  is the sectional length of the plasma membrane domain under 
study. The only difference with previously published methods was that both 
lengths and areas were directly measured using a digital planimeter Micro- 
plan II (Laboratory Computer Systems, Inc., Cambridge, MA), rather than 
using random intersections. 
Corrections for Finite Section  Thickness.  In order to correct Sv values 
for the bias introduced by finite section thickness t, we used correction fac- 
tors derived for a model of discrete particles of mean tangent diameter H. 
Eq. 5 becomes (see reference 71, Eq. 4.19): 
S~  =  4/~ B'/A'  -  4Nat H/(t  +  IT),  (3) 
where B'/A' are apparent border and areas, and Na is the density number 
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(average values were N', =  7.5  x  10  -3 Ixm-2; t '~ 5  x  10  -2 ltm; H was 
determined in independent estimates from the number of cells per surface 
area as 16 ~tm): 
4Ix B'/A' >> 4  N',  t H/(t  +  H), 
so that the correction was negligible for the "valleys"  between microvilli. 
For microvilli, however, it was not negligible. The correction factor Kt(Sv), 
Sv  =  Kt (Sv) 4/x B'/A',  (4) 
was calculated for tubules of diameter d and length L, and only one closed 
end as shown by Weibel (see reference 71, pp. #118-121 Eqs. 4.58 to 4.66 
and 4.89): 
Kt(S0  =  [r +  114]/[r  +  114  +  g  (1  +  2 r/x)],  (5) 
where r  =  L/d (ratio length/diameter) and g  =  t/d (ratio section thick- 
ness/diameter). The bias for the microvilli resulted in a 23 % correction for 
Sv in microvilli and ,x,12  % for the entire apical plasma membrane. 
Corrections for Anisotropy.  A basic assumption for all the estimations 
in stereology is that the structures are isotropic (randomly oriented in the 
space). The whole plasma membrane can be considered isotropic. However, 
because the blocks were oriented so that the section was perpendicular to 
the substrate, the apical and basal plasma membrane domains resulted par- 
allel and oriented (anisotropic) structures. The bias affected equally apical 
and basal plasma membrane domains, and caused an overestimation respect 
to the lateral domain. Two independent attempts to correct this were used: 
(a)  Apical and  basal  apparent  border  (B')  were considered as parallel 
anisotropic curves in the plane, and estimated by intersections of isotropic 
lines at angles of 19" and 71  ° to the substrate orientation (main orientation 
of both apical and basal membrane domains) as described by Sitte (61; see 
also reference 71, pp. 291-295).  (b) A different approach was obtained sec- 
tioning MDCK cell monolayers in planes parallel to the substrate. In this 
case, if A1 is the usual longitudinal section (perpendicular to the substrate) 
and A2 is the transverse section (parallel to the substrate) (see reference 71, 
pp. 299-305,  Eq.  10.145): 
S~  =  (4/3 x)  (BI'/AI'  +  2  B2'/A2').  (6) 
Both methods corrected an overestimation of the apical and basal with 
respect to the lateral domain by a factor of 1.6. The values used were ob- 
tained by the second method. 
The sample sizes were for cells kept in normal calcium: 29 photographs 
showing 53 cells, and 14 photographs showing 49 cells in the A2 section 
plane. The samples for cells kept in low calcium medium included 18 photo- 
graphs showing 37 cells and 10 photographs showing 35 cells in the A2 sec- 
tion plane. 
Microfluorometry 
The images from the semithin frozen sections described above were col- 
lected directly from the epifluorescence microscope with a silicon intensi- 
fied SIT 66 video camera (DAGE-MTI, Michigan City, IN), digitized with 
a  PCVISlON  frame grabber  (Imaging  Technology,  Woburn,  MA)  and 
stored in an IBM XT personal computer. Nine images per field were aver- 
aged and the result stored for further analysis. Histograms of pixel intensi- 
fies of each image were performed and only images with pixel values within 
the linear range were used. Three immunofluorescence  intensity profiles per 
cell,  along three different straight lines perpendicular to the monolayer, 
were collected from each cell image (see Fig. 6).  Cell boundaries were 
avoided because (a) 184 kD is mostly excluded in these areas, and (b) the 
complicate geometry of the lateral domain make estimation of membrane 
densities more complex (see below). The pixel values for apical and basal 
background (a and e in Fig. 6) as well as for apical and basal membranes 
(b and d in Fig. 6) from each profile were recorded and used to calculate 
polarity ratios according to the following formulas: 
Polarity ratio (apical antigen)  =  (b  -  k)Fl(d -  k);  (7) 
Polarity ratio (basal antigen)  =  (d  -  k)/F(b  -  k),  (8) 
where 
k  =  (a  +  e)/2,  (9) 
and F is a "folding factor" that estimates the amount of folding in the apical 
and basal membranes, i.e., the presence of microvilli and basal folds, deter- 
mined using morphometric procedures at the electron microscope level in 
parallel samples from each experimental condition. Typically,  this value 
was 1.4 in monolayers kept in 1-5 ~tM Ca  2+ and 1.51 in monolayers formed 
in normal medium. 
Estimation of the Folding Factor F 
The microfluommetric procedure described above is a  semiquantitative 
method to measure the surface polarization of a given antigen. It provides 
a  ratio between the fluorescence intensity per pixel area of apical  and 
basolateral surfaces. In order to correct the measured fluorescence ratios for 
the "membrane density" in the pixel area (0.31  x  0.23  Ixm at  x630),  it 
was necessary to estimate the contribution of microvilli and basal folds. Be- 
cause this is not possible at the optical microscope level (in the same semi- 
thin frozen sections), we used morphometric procedures at the EM level. 
Although these values are obtained in thinner sections of samples fixed and 
processed differently, the corrections applied are constant for all samples 
and variations in the ratios for given antigens yield significant estimates of 
changes in their surface polarization. 
Two assumptions were used: (a) that the density of membranes under the 
spot is proportional to Sv, and (b) that fluorescence is only in the plasma 
membrane. The first assumption was justified because semithin frozen sec- 
tions are ",,0.5 Itm thick, that is, ,x,10 times thicker than Epon sections and 
five times thicker than single microvilli; therefore, each spot is measuring 
a volume, rather than a twoMimensional section. The second assumption 
is generally acceptable for plasma membrane proteins, although some intra- 
cellular fluorescence may be given by recycling or newly synthesized anti- 
gen in precursor pools. As will be discussed in Results, this was particularly 
true for the measurements of 184 kD in the basal domain during the first 
day after plating. 
Values of B'/A' were calculated by superimposing two parallel lines on 
EM photographs of sections on the A1 plane. The lines were roughly per- 
pendicular to the apical and basal domains, simulating the sections of the 
fluorescenc  e profile obtained from the digitized images (see Fig. 6). The dis- 
tance between the lines d' was calculated for each enlargement factor E so 
that: 
d'  =  E  0.31 tun.  (10) 
Then, Sv values were calculated as described before (Eqs. 3-5), except 
for the correction for anisotropy, that equally affected apical and basal mem- 
branes and cancels in Eq.  11. F was calculated as: 
F  =  Svapical/Svbasal.  (11) 
Table L Area of Apical, Lateral, and Basal Membranes in MDCK Monolayers Kept for 20 h in 1-5 ltM Ca  2÷ 
and after Replacement of 1.8 mM Ca  e+ for 2 h 
1-5 ixM Ca (20 h)  1-5 llM Ca -" 1.8 mM Ca (2h) 
Surface area  (domain) (Ixm  2) 
Apical  2,130  +  784 (53)  1,490  +  445  (37) 
Lateral  593  +  783  (53)  3,317  +  1,322  (37) 
Basal  983  +  194 (53)  875  +  43Q  (37) 
Total  3,706  5,683 
Cell volume (llm  3)  5,167  +  1,779  (53)  7,146  +  809 (37) 
Confluent MDCK monolayers  were plated on collagen-coated  nitrocellulose  filters and kept in 1-5 laM Ca  2+ for 20 h. At this time, a group of monolayers (right 
column)  was transferred to medium containing  1.8 mM Ca  2+ for 2  h.  Monolayers  were fixed,  processed for EM, and their surface  areas were measured  as 
described in Materials  and Methods. Results are expressed as mean +  standard deviation  (number of cells). 
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fluorescence  profiles were taken avoiding  these areas. So were the measure- 
ments of B'/A' for the estimation of E This introduced a slight difference 
between F and the ratio & apical/basal in the values obtained from the 
whole apical and basal domains (Table  I). This difference was mainly due 
to the heterogeneous  distribution of microvilli and the peculiar geometry of 
the apical domain in cells kept in low Ca  2+ medium. 
Accuracy of  the Microfluorometry  Method 
To estimate the accuracy of the microfluorometry  method for determination 
of polarity, we used the fact that the apical 184-kD antigen, recognized by 
the monoelonal  antibody S2/2GI (apical), is mostly excluded  from cell-cell 
boundaries of the apical domain (see Fig. 4 A). The ratio of 184-kD antigen 
density between central and boundary regions of the apical surface, ob- 
tained by semiquantitative  immunofluorescence,  was compared with the ra- 
tio  obtained by an immunogold procedure and morphometrie procedures 
derived from those used by Griffiths et al.  (21). Confluent MDCK cell 
monolayers grown in normal calcium medium for 24 h were fixed  in 2 % 
paraformaldehyde/0.1% glutaraldehyde, treated sequentially with $2/2G1 
monoclonal antibody,  afffinity-purified  anti-mouse rabbit IgG, and colloidal 
gold coupled to protein A, postfixed  with 2 % glutaraldehyde  and processed 
for EM. The gold particle ratio between central regions and the peripheral 
1 Ixm of the apical plasma membrane domain, determined on 17 cells, was 
0.25, which compared well with the ratio obtained with the video enhance- 
ment procedure (0.22). 
Statistics 
Normal distribution was tested for "goodness-of-fit"  through the ~2 test and 
used for all the variables. Unless otherwise stated, the values are given as 
mean +  standard deviation (number of eases). For stereologic measure- 
ments, corresponding  equations and corrections were used on a cell-by-cell 
basis, and standard deviation formulas were applied to sets of final estima- 
tions of membrane surfaces. Significance of differences between mean 
values was assayed by Student's t test. 
Results 
Calcium Dependence of  the Sealing 
of  Occluding Junctions 
When MDCK cells, dissociated by trypsin-EDTA treatment, 
are plated  in  normal  medium  (cMEM,  contains  1.8  mM 
Ca  2+) at high density on collagen-coated nitrocellulose ill- 
ters, they form a  continuous monolayer in ,~,60-90 min. If 
incubation in normal  medium is continued,  a  transmono- 
layer electrical resistance (TER)  starts to develop in '~4 h 
and reaches a maximum in 15-20 h (6). Monolayers that are 
switched to  1-5 BM Ca  ~+ (sMEM containing no chelators) 
after 90 min of plating in MEM do not develop any TER in 
20 h; if they are transferred to cMEM at this point, normal 
levels of TER are reached in only 4 h in a process indepen- 
dent of protein synthesis (19).  To determine the minimum 
Ca  2+ levels required to  form tight junctions,  MDCK  cells 
were plated in cMEM for 90 min and then transferred to me- 
dia containing various levels of Ca  2+ for 24 or 72 h  (Fig. 1). 
Maximum  levels  of  resistance  were  observed  with  Ca  2+ 
concentrations  above  0.1  mM,  18  times  smaller than  the 
Ca  >  levels in the normal medium.  Half-maximum values 
of TER were observed at '~50 BM Ca  2+.  Similar Ca  2+ de- 
pendence functions were observed after 24 or 72 h of plating. 
Structure of  MDC  K Monolayers Developed  in 
Ca2÷-free  Medium 
Examination  under  the  electron  microscope  of  MDCK 
monolayers kept for 20 h in 1-5 lxM Ca  2+ showed that cells 
maintained under these conditions had a  strikingly altered 
250 
~"  2o0 
~  150 
8 
0  I00 
5O 
Ooy 3 
0o,, 
°,  o'.2  o'.~  &  o.'8  i  ,12  ,'.,  ,'.6  ,'.~ 
[Ca'+]  mM 
Figure 1. Effect of calcium on the development of tight junctions. 
MDCK cells were plated at immediate confluency on collagen- 
coated nitrocellulose filters bound to plastic rings. After 90 min 
in cMEM 10% FCS, to allow attachment to the substrate, the cells 
were transferred to MEM containing various calcium concentra- 
tions. TER was determined in seven independent measurements, 
1 and 3 d after plating. In both cases the Ca  2+ concentration giv- 
ing half-maximum effect is '~50 aM. 
morphology: they were dome-shaped, with most of the mi- 
crovilli concentrated in the bulging center and an almost ab- 
sent lateral plasma membrane surface (Fig. 2 A). Quantita- 
tive  morphometry  experiments  (Table  I)  showed  that  the 
lateral surface (defined as the membrane area limited by the 
substrate and the cell-cell contact closest to the free surface) 
constituted only 16 % of the total cell surface area. Restora- 
tion of 1.8 mM Ca  2÷ for just 2  h  resulted in an increase of 
the lateral surface area to normal values of 58% of the total 
cell surface area (Fig.  2  B,  Table I),  with the apical area 
decreasing slightly and the basal surface remaining relatively 
unchanged.  Thus,  the formation of the lateral surface after 
Ca  :÷  replacement  probably  requires  the  addition  of new 
membrane to the cell surface and involves a  38 %  increase 
in cell volume.  The mechanisms underlying these changes 
remain tO be investigated. Parallel determinations with ru- 
thenium red in the same monolayers showed that, from all 
cell pairs examined in the monolayers formed in Ca:÷-free 
medium, 57%  showed no lateral surfaces, 30%  had lateral 
surfaces accessible to ruthenium red, and only 13 % had inac- 
cessible lateral membranes.  After 2  h  in 1.8 mM Ca  2÷ (see 
also Fig. 2 B), 58% of the cell pairs exhibited functional oc- 
cluding junctions and all cells had well-developed  lateral sur- 
faces. 
Surface Distribution of  Intrinsic Apical 
and Basolateral Surface Proteins in MDCK 
Monolayers Kept in Micromolar Calcium 
To study the effect of disrupting tight junctions and cell-cell 
interactions on the distribution of intrinsic MDCK  surface 
markers, we carried out studies with two monoclonal anti- 
bodies developed in our laboratory (67),  which  recognize 
apical  (hybridoma  $2/2G1)  and  basolateral  (hybridoma 
$2/3G2) surface antigens of MDCK cells (see Fig. 4). These 
antigens are membrane proteins with SDS PAGE mobilities 
of, respectively, 184 and 63 kD, as detected by immunoblot 
(Fig. 3); the epitopes recognized by the monoclonals are not 
carbohydrate residues because treatment with periodate does 
not decrease the affinity for the monoclonal antibody (data 
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in cMEM. After 90 min the medium was replaced by sMEM (containing 1-5 ~tM Ca  2+) and the monolayers were incubated overnight. 
After 20 h in culture, the concentration of Ca  2+ in one set of monolayers (B) was raised to 1.8 mM while the other set (A) was kept in 
1-5 ~tM Ca  2÷. The monolayers were fixed 2 h later in 2% glutaraldehyde, postfixed with osmium tetroxide (containing ruthenium red), 
and processed for EM. Cells in 1-5 ~tM Ca  2÷ have a dome-shaped appearance and almost no lateral surface. After Ca  2÷ replacement for 
2 h, the lateral surface has developed and many junctions become impermeable to ruthenium red. Bars: (A) 3.8 ~tm; (B) 3.6 ~tm. 
not shown). Interestingly, the apical antigen behaves differ- 
ently from influenza hemagglutinin or other apical antigens 
of MDCK cells in that it is excluded from peripheral (bound- 
ary) regions of this surface (Fig. 4 A). 
Immunofluorescence  on semithin (0.5 lxm) frozen sections 
showed that,  in MDCK monolayers kept in  1-5  I~M Ca  2÷ 
for 20 h, the apical 184-kD antigen was strikingly polarized 
to the free surface (Fig. 5, A and B). Again, in this case, this 
protein appeared to be concentrated in the center of the free 
surface (Fig. 5 A). On the other hand, the basolatera163-kD 
antigen was found to be distributed over both the free and the 
attached surface (Fig. 5, C and D), in agreement with previ- 
ous results with basolateral antigens by Herzlinger and Ojak- 
ian (25) and Baicarova-Stander et al. (1). Furthermore, after 
2  h  of Ca  2÷ replacement, when 58 % of the tight junctions 
were already  functional  (Table I),  as  detected by lack of 
penetration of ruthenium red, the 63-kD antigen was still un- 
polarized (Fig.  5, E  and F). 
Kinetics of  Polarization of  the 184- and 63-kD Proteins 
To follow the kinetics of  polarization of  both surface markers 
under various experimental conditions the immunofluores- 
cence images  obtained from the  semithin frozen sections 
were collected from the epifluorescence microscope with a 
video camera and digitized.  To decrease the image noise, 
nine images of  the same field were averaged and the resulting 
image was stored in the computer hard disk for analysis of 
polarity. Photographs of  typical stored images of monolayers 
stained with the 184- and the 63-kD monoclonal antibodies, 
taken directly from the video monitor screen, are shown in 
Fig. 6 (lower panels of each pair). For each monolayer, the 
fluorescence intensity profile along a  perpendicular line is 
shown in the corresponding upper panel.  Because all the 
points  (pixels)  were  kept  automatically  within  the  linear 
range of  the camera (see Materials and Methods), this proce- 
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MDCK proteins carrying epi- 
topes for monoclonal antibod- 
ies  raised  against  the  cell 
surface. Postnuclear superna- 
tants  of MDCK  monolayers 
scraped  in the  presence  of 1 
mM  EDTA, 0.4%  Nonidet 
P-40,  and  0.1% DOC  were 
processed for SDS PAGE and 
electroeluted  on  nitrocellu- 
lose  filters. The  filters  were 
cut  longitudinally  in  1-cm- 
wide  strips.  Each  strip  was 
exposed  to  one  hybridoma 
supernatant,  affinity-purified 
rabbit  anti-mouse  IgG  and 
LZSI-protein  A, washed, dried, 
and  exposed  to  X-ray  film. 
Apparent  molecular mass of 
the antigens  (184 kD and 63 
kD) was obtained by compari- 
son  with  protein  standards 
stained  with  amido  black. 
The autoradiogram is shown for (A) hybridoma $2/2G1 (anti-api- 
cal membrane  protein)  and  (B)  hybridoma  $2/3G2  (anti-baso- 
lateral membrane protein). 
dure provides a good estimate of the fluorescence ratios be- 
tween any given pair of points in the image. 
Three  independent  measurements  were  made  for  each 
cell, along three different perpendicular lines, of apical and 
basal membrane fluorescence (b and d),  apical and basal 
background fluorescence (a and e), and cytoplasmic back- 
ground. The ratio apical/basal membrane fluorescence ("po- 
larity ratio") was calculated after subtracting the average ex- 
tracellular background from the peak values of fluorescence 
in the basal and apical membranes. The ratio includes a cor- 
rection factor for the  amount of folding in the apical and 
basal membranes ("membrane densities"),  which accounts 
for the  presence of apical microvilli and basal  folds  (see 
Materials and Methods).  The polarity ratios thus corrected 
provide a semiquantitative measure of the apical/basal anti- 
gen density ratio between both membranes. 
The  polarity  ratios  of the  184-  (apical)  and  the  63-kD 
(basal) antigens were studied as a function of time after cell 
plating.  Both ratios were approximately 2  at 90 min after 
plating, when most of the cells had attached and spread on 
the substrate but showed no morphologic cell-cell interac- 
tions. This indicates that a certain degree of polarity devel- 
oped rapidly upon interaction with the substrate. The 184-kD 
protein reached 85 % of its full polarity (ratios 10-15) in the 
Figure 4.  Immunofluorescence of anti-MDCK cell membrane protein monoclonal antibodies.  Confluent MDCK cell monolayers were 
grown on glass coverslips (A and B) or on collagen gels (C and D) for 3 d and fixed in 2% paraformaldehyde.  Whole monolayers (A 
and B) or 0.5-gm frozen sections of them (C and D) were processed for immunofluorescence using the supernatant of hybridoma $2/2G1 
(A and C) or $2/3G2 (B and D) in the first step and affinity-purified rhodamine-coupled goat anti-mouse IgG in the second step. In the 
frozen sections, the large arrowheads indicate apical surface and small arrowheads indicate basal surface. The 184-kD antigen is exclusive- 
ly apical while the 63-kD antigen is basolateral.  In monolayers grown on coverslips (B), the 63-kD antigen fluorescence was visible only 
in the vicinity of a scratch (S).  Bars:  (A) 24 Ixm; (B) 30 ~tm; (C) 18 ~tm; (D)  15  ltm. 
The Journal of Cell Biology, Volume 104, 1987  910 Figure 5. Immunofluorescence  localization of apical and basolateral surface antigens in MDCK monolayers grown in micromolar calcium. 
Confluent MDCK monolayers on glass coverslips (left panels) or on collagen gels (right panels) were maintained for 20 h in 1-5 Ca  2+ 
(A-D); monolayers E and F were transferred to 1.8 mM Ca for an additional 4 h. All cells were fixed in 2 % paraformaldehyde;  monolayers 
grown on collagen (right panels) were  frozen sectioned.  Cells on coverslips  and frozen  sections  were processed  for  indirect immu- 
nofluorescence  with  monoclonal antibodies $2/2G1  (A and B) (specific  for  an apical  184-kD antigen)  and $2/3G2 (C-F)  (against  a 
basolateral 63-kD protein).  In the frozen sections, the large arrowheads point at the apical surface and small arrowheads point at the basal 
surface.  The frozen sections clearly show that the apical 184-kD protein is polarized in the presence of micromolar calcium (B), while 
the basolateral  63 kD antigen is not (D).  After 4 h in 1.8 mM calcium the cells form lateral  membrane (and functional tight junctions 
as shown in Fig. 2) but the 63-kD protein is not yet polarized.  In intact monolayers the 63-kD basolateral protein is accessible to antibodies 
added  from above (C and E), differently from what was observed  (Fig. 4) in MDCK monolayers confluent for several days. Bars:  (A, 
B, and E) 24 ltm; (C) 31  Ima; (D) 26 gm; (F)  18 I.tm. 
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Figure 7. Polarity ratios  of apical  and basolateral  MDCK plasma 
membrane proteins  at various times after plating in normal or low 
calcium media. Polarity ratios were obtained from the digitized im- 
ages described in Fig.  6,  using  three profiles  per cell randomly 
selected.  Apical/basal  and basal/apical  polarity ratios  were cal- 
culated  by subtracting  the average extracellular  background from 
the fluorescence  in the apical and basal  membranes.  Each point 
represents  the average of triplicate  measurements on 12-32 cells. 
Polarity ratios  are shown as a function of time after plating  (time 
0 = 90 min after plating) for MDCK cell monolayers in normal cal- 
cium medium (solid circles), in low calcium medium (x) or kept 
in low calcium medium for 1 or 2 d and then shifted to normal cal- 
cium medium for an additional  24 h (solid diamonds). 
Figure  6.  Digitized  immunofluorescence profiles  of apical  and 
basolateral  plasma membrane proteins  in semithin  frozen sections 
of MDCK cells.  Semithin  frozen sections  of MDCK cell mono- 
layers were obtained and processed for immunofluorescence as de- 
scribed in Fig. 5. Digitized images were obtained directly from the 
epifluorescence  microscope with a silicon intensified video camera, 
and stored in the computer.  For each pair,  the upper panel shows 
the light intensity profiles (pixel values 0-255) over the straight line 
traced on the cell image in the lower panel.  Typically (see A and 
D, top panels), the profiles showed extracellular  background levels 
of 20-70 (a and e). The exact position of the apical and basal mem- 
branes was obtained from the corresponding phase image in each 
case.  Peaks  of apical  (b)  and basal  membrane  (d)  fluorescence 
ranged  200-256  in  highly  positive  membranes.  Cytoplasmic 
fluorescence  (c)  levels  ranged over 50-150.  Typical  profiles  are 
shown for cells: (A) confluent for 24 h in normal calcium medium, 
apical antigen;  (B) kept in low calcium medium for 24 h, apical 
antigen;  (C) kept in low calcium medium for 24 h and then trans- 
ferred to normal calcium medium for an additional 24 h, apical an- 
first 24 h  of plating in normal calcium medium (Fig.  7 A, 
solid circles). Cells incubated in low calcium medium showed 
ratios of 6-7 at 24 h and 14-15 at 48 h (Fig. 7 A,  x), similar 
to the ratios of control cells at 48 h. The difference observed 
at 24 h  may actually result from an underestimation of the 
ratio for the cells in low calcium medium owing to higher 
cytoplasmic levels of fluorescence at this time (see Fig. 6 B). 
The decrease of the polarity ratio after 72 h in low calcium 
medium may reflect cell damage in monolayers kept continu- 
ously in low calcium medium. 
The  kinetics  of development  of polarity  of the  63-kD 
(basolateral) protein were very different from those observed 
for the 184-kD (apical) protein.  In monolayers kept in nor- 
mal cMEM (Fig. 7 B, solid circles), the polarity ratio of this 
protein was 2  (higher in the basal membrane) 90 min after 
plating, increased slowly during the first 48 h, and then rap- 
idly between the second and third days after plating; polarity 
ratios jumped from 3 to 7 (Fig. 7 B) and reached a maximum 
of 19 +  3 during the fourth day (not shown). Parallel radio- 
immunoassay  experiments  showed a  slow  decrease  in the 
amount of  basolateral protein located in the apical membrane 
(the  amount  at  the  fourth  day  was  about  one-half of the 
amount after plating, data not shown), suggesting redistribu- 
tion or removal of the protein by turnover. 
tigen; (D) kept in normal calcium medium for 72 h, basolateral  anti- 
gen; (E) kept in low calcium medium for 72 h, basolateral  antigen; 
and (F) kept in low calcium medium for 48 h and transferred  to nor- 
mal calcium for an additional  24 h, basolateral  antigen.  Note that 
the fluorescence  levels of the apical antigen in the basal membrane 
(d) are not significantly  higher than cytoplasmic fluorescence  lev- 
els, while basolateral  antigen levels in the apical membrane are al- 
ways higher than cytoplasmic  fluorescence  levels. 
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solute lack of further polarization in low calcium medium 
(Fig. 7 B,  x). However,  cells kept in low calcium medium 
developed the capability of repolarizing the basolateral anti- 
gen upon restoration of calcium to normal concentrations 
with the same kinetics as control monolayers (Fig. 7 B, solid 
diamonds). In fact after replacing Ca  2+ on the first and the 
second days, the polarity ratios reached values similar to 
control monolayers within 24 h. 
Discussion 
Formation of the Apical Pole of  MDCK Cells 
upon CeU Attachment to the Substrate 
Our observations describe for the first time an apical epithe- 
lial membrane protein of 184 kD that fully polarizes in the 
absence  of cell-cell  interactions and tight junctions, just 
upon attachment of the cells to the substrate.  This protein 
reached full polarity levels within the first 24-48 h both in 
monolayers formed in 1.8 mM Ca  2+, which have complete 
tight junctions (6), and in monolayers developed in 1-5 I~M 
Ca  2+, which lack functional tight junctions. Presumably, a 
class of  other apical components will be identified  that shares 
this property. The "capping" of the  184-kD protein on the 
pole opposite to the attached surface is reminiscent of the 
polarization of concanavalin A receptors to form an apical 
pole during the compaction stage of egg development (29, 
75),  although in the latter case it was not explored whether 
it was caused by an increased number of microvilli or in- 
creased antigen density in the membrane. 
The results presented here complement and expand our 
previous  report that,  in  subconfluent MDCK monolayers 
lacking extensive cell-cell interactions and tight junctions, 
virus budding is polarized (54).  Thus, the putative apical 
components involved in apical budding of influenza must be- 
long to the same class of proteins as the 184-kD marker. Fu- 
ture work is necessary to determine how general is the polar- 
ization of apical proteins in response to substrate attachment. 
Mechanism of  Repolarization of  Basolateral Proteins 
Differently from the 184-kD marker, the basolateral 63-kD 
protein maintained initial low levels  of polarity (approxi- 
mately two times) during the first 48 h of incubation in nor- 
mal Ca  2+, even when tight junctions develop in 18 h  (19), 
but became quickly polarized during the third and fourth 
days. In  1-5  ~tM Ca  2+, 63 kD was practically unpolarized 
for up to 72 h (longer times could not be studied because the 
cells rapidly lost viability after this time). Restoration of nor- 
mal Ca  2+ levels for 24 h to monolayers kept in 1-5 ~tM Ca  2+ 
resulted in low polarity values when carried out during the 
second day, but in full polarization of the 63-kD protein dur- 
ing the third day (Fig. 7 B), even when in both cases tight 
junctions formed in '~4 h (Table I). These results indicate 
that an internal "clock," acting both in the absence or in the 
presence of Ca  2+, regulates the development of the mecha- 
nism involved in the polarization of the basolateral marker. 
This mechanism is fully developed 48 h after dissociation; 
however, its function (detected as full polarization of the 63- 
kD protein) requires the presence of Ca  2+ and, presumably, 
of normal cell-cell interactions.  Na-K ATPase, another baso- 
lateral marker, also may require 3 d to repolarize fully af- 
ter cell dissociation (62; D. Gundersen and E. Rodriguez- 
Boulan, unpublished results) and, thus, probably uses the 
same mechanism. We have no information on the nature of 
this mechanism. Misplaced 63-kD protein may be relocated 
by vesicular transcytosis, as described for the translocation 
of exogenous vesicular stomatitis virus (VSV) G protein im- 
planted by viral fusion into the apical membrane of MDCK 
cells to the basolateral surface (36, 45), or may be degraded 
and polarity may be established by vectorial insertion of 
newly synthesized protein in the correct domain. Perhaps 
these mechanisms require 2-3 d to become fully effective. 
Alternatively, the delay in the acquisition of polarity of the 
63-kD marker may reflect the time necessary for the synthe- 
sis and accumulation of critical levels of putative cellular or 
extracellular molecules required for polarization of basolat- 
eral proteins,  such as basement membrane glycoproteins, 
uvomorulin-like cell adhesion molecules, or components of 
the submembrane cytoskeleton (see below). 
The Fence  Role of 1~ght Junctions 
Our observations indicate that tight junctions are not neces- 
sary for the polarization of the apical  184-kD protein and 
may be not sufficient for the polarization of the basolateral 
63-kD marker. Thus, they challenge the notion that the tight 
junctional fence is an absolute requirement for the main- 
tenance of epithelial cell surface segregation. In fact, when 
carefully examined, the evidence for this notion is largely 
circumstantial. Removal of Ca  2+ by chelating agents results 
in the opening of occluding junctions and the invasion of 
the apical  and basolateral  regions by markers previously 
segregated (25, 47, 75).  However,  it may be argued that the 
chelating agents may be simultaneously  affecting an indepen- 
dent polarization mechanism. Intramembrane particles (17, 
58, 64), normally present at higher densities in the basolater- 
al surface of MDCK cells (5, 9, 26) become depolarized in 
monolayers formed in 1-5  ~tM Ca  2+ (19) and polarize with 
the same kinetics as occluding junctions, which is prevented 
by inhibitors of tight  junction formation, e.g., cycloheximide 
or cytochalasin B (26). As in the previous case, independent 
surface polarization mechanisms might be affected simul- 
taneously with the tight junctions by these treatments. It has 
been reported (1, 25) that basolateral antigens are present in 
relatively high levels in the apical surface of subconfluent ep- 
ithelial monolayers, which lack complete tight junctions; 
these studies, however,  did not quantitate surface polarity 
and were not accompanied by corresponding observations on 
the behavior of apical proteins with procedures that allow 
simultaneous examination of free and attached membrane 
regions. 
Role of the Substrate in Polarity 
The observation that both 184- and 63-kD antigens become 
polarized after attachment to the substrate, even at times as 
short as 90 min (studied for the nonviral antigens, Fig. 7) 
highlights the organizational role of the substrate in the de- 
velopment and maintenance of epithelial polarity. It is possi- 
ble that the low level of  polarity observed 90 min after attach- 
ment (approximately two times, Fig. 7) reflects the recruit- 
ment of substrate receptors and the consequent coenrichment 
of basolateral markers and exclusion of apical markers. A 
good example of this process is the recruitment of macro- 
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and the consequent depletion of receptors from the free sur- 
face (38). 
Substrate attachment has been shown to play an important 
role in the development of epithelial cell polarity in other 
systems. Thyroid cells in culture reverse their polarity after 
addition of a collagen substrate to the apical surface (7, 44); 
some cell lines develop a lumen when surrounded with col- 
lagen  (24)  whereas  MDCK  cells  redistribute  an  apical 
membrane protein when cultured within collagen gels (67a). 
Of particular relevance to our studies is the observation by 
Ingber et al. (28) that pancreatic tumor epithelial cells, un- 
able to synthesize their own basement membrane compo- 
nents, polarize their intracellular organelles when plated on 
laminin but not on type I collagen. Recently described recep- 
tors for collagen (63, 69; Salas, Vega-Salas,  and Rodriguez- 
Boulan, manuscript in preparation) or basal lamina compo- 
nents, such as laminin (33), are excellent candidates to play 
a critical role in these processes. 
Cell-Cell Interactions and Epithelial Polarity 
In addition to tight junctions, several other cell-cell interac- 
tions are present at the level of the lateral surface. Adherent 
junctions, desmosomes, and gap junctions are all dependent 
on the presence  of Ca  2÷ to  various extents.  L-CAM and 
uvomorulin-like molecules play an additional role in epithe- 
lial cell recognition and adhesion (13, 14, 23,  27);  at least 
some of these molecules are also dependent on Ca  2+. Thus, 
the formation of the lateral surface is the result of various 
adhesive forces, with a spectrum of Ca  2+ sensitivities (13). 
Our experiments indicate that the mechanisms involved in at- 
tachment to the substrate have a considerably lower require- 
ment for Ca  2÷ than those involved in the formation of the 
lateral surface. MDCK cells kept in  1-5  gM Ca  2+ have a 
dome-shaped, "contracted" appearance, with a very reduced 
lateral surface, similar to the morphology of mammary epi- 
thelial cells briefly treated with EGTA described by Pitelka 
et al.  (48,  49).  Our  results also  show that the minimum 
Ca  2+  concentration required  for the  sealing of occluding 
junctions is 50-100  lxM (18 times lower than the concentra- 
tion of Ca  2÷ in the normal medium). 
That cell-cell interactions play a role in the development 
and maintenance of epithelial cell polarity is clearly demon- 
strated by the previous observation that clumps of MDCK 
cells in suspension culture (lacking cell-substrate interac- 
tions) show polarized budding of viruses (54).  Interestingly, 
MDCK cells treated with chelating agents (25, see Introduc- 
tion) lose their surface polarity. Experimental dissection of 
cell-ceU from cell-substrate interactions by incubation of  the 
MDCK monolayers in  1-5  ~tM Ca  2+ allowed us to obtain 
important new information on how each type of interaction 
contributes to the polarization of apical and basolateral mark- 
ers. The experiments described in this report clearly impli- 
cate cell-cell interactions in the polarization of the baso- 
lateral 63-kD protein. 
Role of the Submembrane Cytoskeleton 
in Epithelial Polarity 
In addition to the evidence discussed above,  recent work 
from other laboratories suggests a role for the submembrane 
cytoskeleton in epithelial polarity. This structure has been 
best characterized in the erythrocyte by the work of Branton, 
Bennett, and their colleagues (see references 2  and 3  for 
reviews).  Recent reports demonstrate that the erythrocyte's 
anion channel band 3 is present in kidney epithelial cells, 
where it is restricted to the basolateral surface (12). Two 
polypeptides, ankyrin and spectrin, which in erythrocytes 
form a submembrane fibrous network that anchors band 3 
(8), are restricted to the same surface domain (12) of kidney 
cells. In MDCK cells, a highly insoluble, relatively dense 
layer of spectrin, apparently localized to the basolateral sur- 
face of MDCK cells, develops with the same kinetics as the 
polarization of Na-K ATPase  (43). 
Thus, a possible interpretation of the delayed polarization 
of the 63-kD  (basolateral) marker is that cell dissociation 
disrupts the ankyrin-spectrin system and that an incubation 
of 48 h is needed for its reconstitution. Analogously, a vari- 
ety of proteins underlying the apical surface are good candi- 
dates  to  fulfill  such  a  role  for  the  apical  surface  (41). 
Cytochalasin-sensitive actin filaments and tubulin, though, 
do not seem to be critically involved in the maintenance of 
epithelial polarity (57) and do not appear to participate in the 
reorganization of the basolateral  spectrin network during 
reformation of MDCK monolayers. Future work should at- 
tempt to identify specific interactions between cytoskeletal 
and membrane components that may participate in the polar- 
ization of apical and basolateral proteins in epithelial cells. 
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